10 11 Temperature and ozone volume mixing ratio profiles obtained from the Halogen 12 Occultation Experiment (HALOE) aboard the Upper Atmospheric Research Satellite 13 (UARS) over India and over the open ocean to the south during the period 1991-2001 are 14 analyzed to study the characteristic features of the Mesospheric Inversion Layer (MIL) at 15 70 to 85 km altitude and its relation with the ozone mixing ratio at this altitude. We have 16 also analyzed both the number of lightning flashes measured by the Optical Transient 17 Detector (OTD) onboard the MicroLab-1 satellite for the period April 1995 -March 2000 18 and ground-based thunderstorm data collected from 78 widespread Indian observatories 19 for the same period to show that the MIL amplitude and thunderstorm activity are 20 correlated. All the data sets examined exhibit a semiannual variation. The seasonal 21 variation of MIL amplitude and the frequency of occurrence of the temperature inversion 22 indicate a fairly good correlation with the seasonal variation of thunderstorms and the 23 12 Meriwether et al., 1998; States and Gardner 1998; Thomas et al., 2001) have been studied 13 by exploring variations of the amplitude, frequency of occurrence, height and width of 14 the MIL. 15 The physical mechanism producing and sustaining the inversion layer is not well 16 understood; different mechanisms have been proposed from time to time to explain the 17 observed characteristics. States and Gardner (1998) attributed the MIL to diurnal tides. 18 Chu et al. (2005), using night time lidar measurements from the Starfire Optical Range 19 (SOR) of New Mexico and Maui (Hawaii), attributed the MIL observed between 85-101 20 km to diurnal or semidiurnal tides. Further, the coupling of gravity waves (GWs) and the 21 mesopause tidal structure was also proposed as the cause of MIL (Meriwether et al.,
average ozone volume mixing ratio across the inversion layer. The observed correlation 1 between local thunderstorm activity, MIL amplitude and mesospheric ozone volume 2 mixing ratio are explained by the generation, upward propagation and mesospheric 3 absorption of gravity waves produced by thunderstorms. semiannual oscillations and inertial instabilities may either singly or collectively be 7 operative in the production of the MIL. 8
Two-dimensional modeling studies reveal that GWs play a significant role in 9 amplifying the temperature amplitude of the tidal structure and thus contribute to strong 10
MILs (Hauchecorne and Maillard, 1990; Leblanc et al., 1995) . Hauchecorne et al. (1987) 11 described a model in which a succession of breaking GWs would generate a MIL through 12 the gradual accumulation of heat. The breaking and dissipation of gravity waves provide 13 a feedback mechanism causing turbulent heating which maintains the MIL (Meriwether 14 and Gardner, 2000) . Upward propagating gravity waves produce turbulence and turbulent 15 viscous type mixing becomes important for tidal dissipation in the mesosphere and lower 16 thermosphere (Akmaev, 2001 a, b) . Akmaev (2001b) simulated the large-scale dynamics 17 of the mesosphere and lower thermosphere with parameterized gravity waves and 18 produced realistic simulations of the zonal mean thermal structure and winds and their 19 seasonal variations in the mesosphere and lower thermosphere. The simulation results 20
show that the diurnal tidal variation is a leading contributor to the semi-diurnal variation 21 in the occurrence of inversion layers at low latitudes (Akmaev, 2001a Thunderstorm related information is derived from Optical Transient Detector 6 (OTD) data, which is a scientific payload on the MicroLab-1 satellite, launched in April 7 1995. The spatial resolution of the instrument is 10 km and the temporal resolution is 2 8 ms. The OTD instrument detects both intra-cloud and cloud-to-ground discharges during 9 day and night conditions, with a high detection efficiency. The orbital trajectory of the 10
MicroLab-1 satellite allows the OTD to circle the Earth once every 100 minutes at an 11 altitude of 740 km. Using its 128 x 128 pixel photo-diode array and wide field-of-view 12 lens, the OTD instrument views an area of 1300 km x 1300 km. Given the field-of-view 13 and the orbital trajectory, the OTD can monitor individual storms and storm systems for The total number of flashes for a month is summed over the 5 year period to 21 obtain the monthly distributions for the geographic regions. 22
Ground based thunderstorm data for the period April 1995 -March 2000 are 23 obtained from 78 Indian observatories spread over the Indian region (0-30 0 N, 60-100 0 E), 1 the band-1(0-15 0 N, 60-100 0 E) and the band-2(16-30 0 N, 60-100 0 E). These data have been 2 extracted from summaries published by the Indian Meteorological Department (IMD, 3 1995 (IMD, 3 -2000 . 4
To study the possible linkage between the MIL and the lightning/thunderstorm 5 occurrence, the monthly amplitude of the MIL and the frequency of occurrence are also 6 considered for the operational period of the OTD. selected non-inversion days (28 April, 21 July, 22 July 1995) and inversion days (9 May, 4 2 November and 4 November 1995), respectively; successive temperature profiles are 5 shifted by 20K. On 9 May 1995, a minimum temperature of 186K is observed at an 6 altitude of 72 km above which it does not follow the usual fall in temperature as per the 7 lapse rate. Instead it increases with height and reaches a maximum of 209 K at an altitude 8 of 80 km, above which it again decreases. The amplitude of the inversion for this layer is 9 thus found to be ~23 K the inversion layer can be seen in other profiles, which are 10 marked by double-pointed arrows in Figure 1 . All the profiles are examined for the entire 11 10 years and the amplitude, and occurrence, of the mesospheric inversion layer are 12 obtained for each day. These results clearly indicate that on inversion days the 13 temperature increases by ~20 K within 70-85 km altitude range. 14 The monthly mean amplitude of the inversion temperature is obtained over all 15 three continental regions. Figure 2 profiles over the Indian regions include daily profiles of band-1 as well as those of band-23 2. Amplitudes obtained from these profiles are then averaged for a month for all the years 1 for the Indian region. Hence amplitude gets averaged. This averaged amplitude appears 2 over the Indian region. For example in October 1992 amplitude of inversion over the 3 band-1 was 12.58K and over the band-2 was 9.73K. If we average these amplitudes we 4 get ((12.58+9.73)/2.0)= 11.15K, which is close to observed amplitude over the Indian 5 region (~10.5K). Hence amplitude of two individual Indian sub-regions reaches higher 6 values (4 K to 24 K over the band-1 and 4 to 20 K over the band-2) than the Indian region 7 (4K to 16K). 8
To study seasonal variations the amplitude of the inversions for each month is 9 averaged for the entire 10 year period. Figure 3 In order to study the relationship between both the frequency of occurrence and 22 the amplitude of the MIL and thunderstorm activity, data are analyzed for the period 23 1 seasonal variation of frequency of occurrence and MIL amplitude along with two sigma 2 error bars for 5 year period. They are rather similar to results shown in Figure 3 . The number of lightning flashes as obtained from OTD data shows a better 9 correlation with the frequency of occurrence and the MIL amplitude over all three 10 regions ( Figure 5 ) than with the number of thunder storm day ( Figure 6 ). The reason may 11 be that both HALOE and OTD view the sky from above and cover both land and ocean 12 regions. Lightning flashes and number of thunderstorms days show better correlation 13 with frequency of occurrence than the MIL amplitude. This indicates that inversion may 14 be occurring with thunderstorm activity but its amplitude may not be varying 15
proportionately. 16 for all three altitudes, but with a strong annual oscillation at 65-70km. It is interesting to 13 note that the ozone content reverses its phase in region of 70-85 km, where the MIL is 14 most frequently observed. The ozone volume mixing ratio at 70 -85km is ~0.4 times its 15 value observed at 65-70 km. 16
To study the relation between the frequency of occurrence and the amplitude of 17 the temperature inversion with the variation of ozone content, the frequency of 18 occurrence and the amplitude of the temperature inversion calculated for the period 19 tried to explain the observed weaker MIL at Maui than at SOR, New Mexico in terms of 23 weaker gravity wave dissipation and therefore a weaker downward flux of atomic 1 oxygen, which is associated with several chemical reactions in this region that converts 2 solar energy to the chemical heating leading to the MIL. This shows that gravity wave 3 breaking and dissipation play significant roles in the formation/existence of MIL. 4 HALOE and OTD being polar orbiting satellites, their simultaneous passes over a 5 specific region are very few. Table 1 and Table 2 indicate typical days where 6 simultaneous HALOE, OTD and ground based station data are available over a common 7 region. Table 1 indicates typical non inversion days when neither thunderstorm activity 8 was reported at nearby ground stations nor lightning flashes recorded by OTD in a 3 0 x 3 0 9 grid centered at the position of HALOE. Table 2 shows typical inversion days when 10 thunderstorm activity was reported at nearby ground stations and lightning flashes were 11 recorded by OTD. 12
The rapid and deep convection associated with thunder storm generated gravity 13
waves which propagate upwards and may get amplified. The gravity waves become 14 unstable at the height where the zonal wind velocity becomes equal to the wave phase 15 velocity. Usually in mesosphere this condition is satisfied and breaking of gravity waves 16 takes place (Sica and Thorsley, 1996: Thomas et al., 1996) . The turbulent heating, arising 17 from the breaking of waves, provides a feedback mechanism that then may maintain the 18 observed MIL. A strong seasonal dependence of mesospheric GW activity is observed, 19 with a peak in the summer months and much reduced activity during the winter months 20 The frequency of occurrence of the MIL and thunderstorm activity are less over the 17 oceanic region than over the land. Thunderstorm activity is observed by OTD and nearby 18 ground station data on strong inversion days, and no thunderstorm activity is observed by 19 OTD and nearby ground station data on non inversion days. This all indicates that gravity 20 waves produced during thunderstorms, together with chemical heating due to ozone, may 21 contribute significantly in the production of the mesospheric inversion layer. Table and Figure Captions:  1   Table 1 : Non inversion days observed in the HALOE temperature profile and no 2 thunderstorm activity reported at a nearby station and no lightning flashes 3 recorded by the OTD in this vicinity on the same day. 4 Table 2 : Inversion days observed in the HALOE temperature profile and 5 thunderstorm activity reported at a nearby station and the number of lightning 6 flashes recorded by the OTD on the same day. 7 
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